.5 and 2.5 mg/mL concentrations, respectively. At all heating temperatures and time of heat-treatment, the residual activities of trypsin and Marugoto E solutions that were heat-treated at high pressure were significantly higher than those of the same solutions that were heat-treated at ambient pressure. First-order reaction rate constants for thermal inactivation of the enzymes at high pressure were significantly smaller than those at ambient pressure, which led to considerable decreases in activation energies of the enzyme reactions.
Introduction
It has been reported that enzyme inactivation takes place owing to many factors that include extreme temperature and pH, oxidation, exposure to surfactants, detergents, denaturing agents, heavy metals, thiol reagents and mechanical force, radiation, freezing and thawing, and dehydration (Volkin and Klibanov, 1990) . From these factors, inactivation by thermal treatment is perhaps the most frequently encountered and most thoroughly studied cause of enzyme inactivation in laboratory and industry (Kim, 1992) . From biotechnological point of view, enzyme processes at high temperature often provide considerable merits such as increased solubility and reaction rate, and reduced microbial contamination and solution viscosity, which is evidenced by the fact that most industrial enzyme processes are conducted at elevated temperatures (Lei and Stahl, 2001; Novo, 2001; Zhu et al., 2010) . In this context, the maintenance of thermal stability of enzymes seems to be very important to conduct enzymebased food processes that comprise hydrolysis, synthesis and biotransformation.
One important issue in enzyme technology that gains recent attention is the enzyme reaction at high pressure. It has been shown that stability and activity of several enzymes are increased at specific conditions, and catalytic behavior is modified by changing rate-limiting step or modulating enzyme selectivity (Balny, 2006; Heremans and Smeller, 1998; Vila Real et al., 2007) . When the stability of subtilisin and lysozyme were studied at medium hydrostatic high pressure up to 200 MPa, neither subtilisin nor lysozyme showed measurable changes in tertiary or secondary structure or sign of aggregation, which indicated that they retained catalytic activity at this harsh condition (Webb et al., 2000) . When the apparent rate constant and maximum rate of hydrolysis for a dipeptide, Fua-Gly-LeuNH 2 , were measured using vimelysin, a neutral protease from Vibrio sp. T1800, in a variable pressure-temperature gradient, it was found that pressureactivation ratio was about sevenfold high and the pressureactivation below 200 MPa was chiefly caused by the change in k cat parameter (Ikeuchi et al., 2000) . In contrast, calpains (calcium-activated neutral proteases) from sea bass (Dicentrarchus labrax L.) lost catalytic activity by the high-pressure treatment from 100 MPa, with accompanying dissociation of heterodimeric form (Chéret et al., 2007) . Nicolai et al. (2006) have studied on the combined effect of high pressure and denaturing agents on the transition from native dimer of ascorbate oxidase to dimeric unfolding intermediates. They found that the transition was accompanied by a decrease in volume perature of 40 − 60℃ and duration of heat-treatment of 60 min, and the obtained results were discussed in details.
Materials and Methods
Reagents and materials In this study, trypsin (from bovine pancreas) was obtained from Sigma-Aldrich (St. Louis, MO, USA) and Marugoto E that is applicable to the degradation of various proteinous substrates from plant and animal sources was the product of Supercritical Technology Research Corporation (Hiroshima, Japan). A chromogenic proteolytic substrate, azocasein, and trichloroacetic acid (TCA) were also obtained from Sigma-Aldrich. All other chemicals needed to prepare buffer solutions and to conduct protease assay were guaranteed reagents from various suppliers, and double distilled water was used throughout the study. Polypropylene cryogenic vials that had a nominal capacity of 2 mL were obtained from Wheaton (Millville, NJ, USA) and were used to treat the protease solutions.
Measurement of protease activity Enzyme activity was measured as follows. Two hundred fifty microliters of 3% azocasein that was dissolved in a 0.1 M sodium phosphate buffer, 200 μL of the same buffer solution and 50 μL of an enzyme solution that was prepared in the same buffer solution were consecutively added to a 2-mL microfuge tube, and the mixture was incubated at 37℃ for 2 h, followed by adding 500 μL of 30% TCA to precipitate the unreacted substrate. After setting still at 4℃ for 30 min, the precipitated mixture was centrifuged at 10000 × g for 15 min. Five hundred microliters of the supernatant were taken from the tube and neutralized with 500 μL of 1 M NaOH. The resultant solution was measured for absorbance at 440 nm to determine enzyme activity. For a blank run, the enzyme solution was first inactivated with 30% TCA, followed by the consecutive addition of the substrate and buffer solution. The chromogenbased assay of this study was quite sensitive and the blank absorbance was normally present around 0.05. Also, coefficient of variability of measurement, as an index of precision, was only found at 1.1%.
Time-dependent heat-treatments of proteases at high and ambient pressure The concentrations of trypsin and Marugoto E for thermal inactivation experiment were previously optimized as 0.5 and 2.5 mg/mL, respectively. At these enzyme concentrations, the enzyme activity-concentration profiles of trypsin and Marugoto E were in dynamic state and thus enzyme inactivation owing to thermal treatment at high and ambient pressure could be reflected correctly.
Single-vessel (150-mL capacity) high-pressure equipment (DP-SHPL-015L-400, Dima Puretech, Incheon, Republic of Korea) that allowed the maximal pressure and operating temperature of 400 MPa and 75℃, respectively, was used for and a marginally stable monomeric species was present.
It has been reported that heat-treatment at high pressure has effects on enzyme stability in various ways. For examples, broccoli myrosinase showed one phase of thermal inactivation that was able to be explained by Arrhenius equation at the pressure range of 100 − 600 MPa, compared with consecutive-step thermal inactivation found at ambient pressure. In addition, an antagonistic effect of pressure on thermal inactivation of the enzyme was found up to 200 MPa (Van Eylen et al., 2007) . On the other hand, β-galactosidase from Kluyveromyces lactis was inactivated at high hydrostatic pressure and high temperature, and the stability of this enzyme at extreme conditions of pressure could be enhanced by appropriately adjusting ionic strength of the buffer solution used (Cavaille-Lefebvre and Combes, 1998). Mozhaev et al. (1996) showed that catalytic activity and thermal stability of α-chymotrypsin increased at the hydrostatic pressure below 360 MPa and by the addition of glycerol. Over this pressure limit, however, pressure-induced denaturation of enzyme molecules was strongly favored. Pressure-induced increases in activity and stability have also been reported for a hyperthermophilic protease from a deep-sea methanogen (Michels and Clark, 1997) .
Enzymes have reportedly been inactivated by heattreatment in rather complex processes. Thermal inactivation of some enzymes including keratinase, tomato peroxidase, pectin methylesterase and lipase follows simple first-order kinetic model (Basak and Ramaswamy, 1996; Ercan and Soysal, 2011; Silveira et al., 2010; Tomizuka et al., 1966) . Considering complex structure of proteins, however, it is easily presumed that inactivation of enzymes does not always obey simple first-order kinetic model. Indeed, some enzymes comprising α-chymotrypsin and myrosinase do not follow simple first-order reaction in thermal inactivation (Van Eylen et al., 2007; Volkin and Klibanov, 1990) . Tsuboi et al. (1978) presumed that biphasic processes of enzyme inactivation encountered in many cases were resulted from the existence of two types of fluctuation in protein structure; overall and local structural fluctuation. Also, it has been reported that first-order transition of enzyme molecules from an ordered native state to a disordered denatured state is able to occur progressively, resulting in a multi-step transition where each transition is a unimolecular first-order process (Jaenicke and Rudolph, 1989) .
In this study, two mesophilic proteases, trypsin and Marugoto E, were analyzed for the kinetics of thermal inactivation because they were found appropriate for high-pressure enzyme processes due to pressure tolerance. For this purpose, the kinetics of thermal inactivation of these enzymes were compared at 300 MPa and ambient pressure at varying tem-ln RA = − kt (1) Where, RA : residual activity at time t (%) k : first-order reaction rate constant (min -1 )
In this study, thermal inactivation kinetics of two model proteases, trypsin and Marugoto E, that showed pressure-tolerance at a moderate temperature of 37℃ at 300 MPa were individually compared at 300 MPa and ambient pressure as follows.
Time-dependent thermal inactivation of trypsin Timedependent changes in enzyme activity were measured for trypsin after the heat-treatments at 300 MPa and ambient pressure for 60 min. The triplicate enzyme activities (A 440 ) after the heat-treatments at 300 MPa were higher than those after the heat-treatments at ambient pressure in all combinations of temperature and time of heat-treatment. From this result, it was inferred that the thermal inactivation of trypsin was greatly reduced at high pressure. Similar results have been reported for broccoli myrosinase (Van Eylen et al., 2007) , α-chymotrypsin (Mozhaev et al., 1996) and a barophilic protease from Methanococcus jannaschii (Michels and Clark, 1997) . To show thermal inactivation of trypsin, residual activity that was defined as the percentage activity of the enzyme heat-treated against the control without heattreatment was calculated and then the relationships between residual activity and time of heat-treatment were plotted. As depicted in Figure 1 , the residual activities of trypsin at 300 MPa and ambient pressure were decreased at all temperatures of heat-treatment for 60 min. But, the degrees of decrease in residual activity were more conspicuous in the case of the heat-treatments at ambient pressure, which indicated high-pressure treatment. Trypsin and Marugoto E were first dissolved in 0.1 M sodium phosphate buffers that were adjusted to pH 7.5 and 7.0 to the above concentrations, respectively. Cryogenic vials that were filled with these enzyme solutions were capped hermetically and the resultant vials were added to the pressure vessel that was equilibrated with distilled water, as the pressure-transmitting fluid, using a controller of temperature and pressure at the individual process temperatures of 40, 45, 50, 55 and 60℃. The vessel was closed and pressure was first built up with a hand-pressurizing pump up to 100 MPa within 10 s. Then, an automatically pressurizing pump was used to build up pressure slowly at a constant rate of 100 MPa/min until the preset pressure of 300 MPa for the purpose of excluding minute temperature increase due to adiabatic heating. The time at which the preset pressure was attained was defined as the time zero of this process. Isobaric-isothermal treatments were conducted at 300 MPa for 2, 5, 10, 15, 20, 30, 45 and 60 min, respectively. Afterward, the vessel was decompressed within a few seconds to transfer the vials immediately into ice water. The enzyme activities of the treated solutions at high pressure were determined, together with those of the treated solutions at ambient pressure. Heat-treatments at ambient pressure were carried out simultaneously using a water bath, and the treated vials were immediately transferred into ice water and measured for enzyme activity.
Results and Discussion
As described in the Introduction section, thermal inactivation of enzymes can be generally interpreted using the following first-order kinetic equation although it follows simple first-order, biphasic or multiple mode of enzyme inactivation.
Reduced Protease Inactivation at High Pressure all temperatures. In the heat-treatments of trypsin at ambient pressure, the kinetics of thermal inactivation followed simple first-order reaction at the heating temperatures of 40 and 45℃, and followed biphasic mode of thermal inactivation from the heating temperature of 50℃. The reason for different modes of thermal inactivation observed in this case, depending on heating temperatures, might be interpreted as follows. In the thermal inactivation at lower heating temperatures, native state of enzyme molecules seemed to be transformed to denatured state by the overall changes in hydrophobic interaction, hydrogen bond, electrostatic interaction, interaction with water and Van der Waals interaction, which was shown as simple first-order reaction. However, local changes including the rearrangement of hydrophobic groups after exposure to surrounding medium and the dissolution of hydrophobic groups might also take place after the overall changes in the thermal inactivation at higher temperatures, which was represented by biphasic mode of thermal inactivation (Kim, 1992; Tsuboi et al., 1978) . High-pressure treatment was likely to favor simple first-order reaction through retarded local changes due to the reduction in thermal inactivation of enzyme molecules (Katsaros et al., 2009; Mozhaev et al., 1996; Rupley et al., 1983) . This is supported by the fact that biphasic mode of thermal inactivation of trypsin only occurred at 60℃ at 300 MPa. Time-dependent thermal inactivation of Marugoto E Bovine pancreatic trypsin and Marugoto E of this study are mesophilic in temperature tolerance at ambient pressure because they are derived from mesophilic organisms (Zentgraf et al., 1991) . However, Marugoto E was found to be slightly more thermostable than trypsin, particularly in the temperature range of 40 − 50℃. Changes in enzyme activity were also measured for Marugoto E after the heat-treatments at that high-pressure treatment retarded the thermal inactivation of trypsin. For examples, the residual activities were still in the higher values of 74.4 and 54.8% after the heat-treatments at 300 MPa for 60 min at 50 and 55℃, respectively. However, the residual activities after the heat-treatments at ambient pressure for 60 min at 50 and 55℃ were only 17.8 and 5.3%, respectively. It has been reported that non-covalently bound water is very important for maintaining structure, function and stability of globular proteins like enzymes (Rupley et al., 1983) . Also, it has been suggested that pressure and temperature provide opposing effects on the ability of functional groups of proteins to interact with (or to bind) water (Mozhaev et al., 1996) . In light of these reports, hydration of charged groups in trypsin by water molecules seemed to be strengthened by high pressure, which possibly compensated for the loosening in hydration of enzyme molecules at high temperature (Nickerson, 1984) . The net effect of the preferential hydration as described above might be reduced thermal inactivation of trypsin (Mozhaev et al., 1996) .
The profiles of thermal inactivation of trypsin at 300 MPa and ambient pressure were analyzed kinetically. As shown in Figure 2 , the thermal inactivation of trypsin at high and ambient pressure followed simple first-order reaction or biphasic process, depending on temperatures of heat-treatment, as reported previously for some enzymes (Tsuboi et al., 1978; Van Eylen et al., 2007; Volkin and Klibanov, 1990 ). In the heat-treatments of trypsin at 300 MPa, the kinetics of thermal inactivation followed simple first-order reaction at the heating temperatures from 40 to 55℃. Biphasic mode of thermal inactivation was only observed at 60℃. On the other hand, thermal inactivation took place rapidly at all temperatures of heat-treatment at ambient pressure compared with that at high pressure, which resulted in steep kinetic lines at of straight lines in the kinetic plot (Table 1) . When thermal inactivation occurred in biphasic process, first-order reaction rate constants of the initial phase of thermal inactivation were used because of the importance of these values in the structural change of enzyme molecules during thermal inactivation (Kim, 1992; Tsuboi et al., 1978) . As noted in Table  1 , first-order reaction rate constants of thermal inactivation of trypsin heat-treated at 300 MPa were always smaller than those of trypsin heat-treated at ambient pressure at all heating temperatures. Also, the same situation was found in the case of Marugoto E. In general, activation energies (E a ) for denaturation of enzymes, amounting to 209 − 627 kJ/mol, are considerably higher than those for transformation of reactants to products in enzyme-catalyzed reactions, which practically means that at lower temperatures enzymes will be relatively stable. But at higher temperatures denaturation will become very rapid because relatively large numbers of molecules have sufficient energy to achieve the denatured state (Whitaker, 1994) . This is appropriately represented in the above first-order reaction rate constants at various heating temperatures. According to them, trypsin and Marugoto E were relatively stable at the heating temperatures of 40 − 45℃ at ambient pressure. But above these temperatures there were losses of activity and the rates of activity loss were greater the higher the temperature for both enzymes at ambient pressure (Whitaker, 1994) . However, the degrees of thermal inactivation were greatly reduced in both enzymes that were heat-treated at 300 MPa. From these results, it is presumed that the high-pressure condition of 300 MPa prevented abrupt conformational changes of trypsin and Marugoto E during the heat-treatments, which made enzyme molecules active and reversibly inactive compared with the counterpart molecules heat-treated at ambient pressure (Whitaker, 1994) . Temperature dependence of first-order reaction rate constants of trypsin and Marugoto E was analyzed by Arrhenius plot at high and ambient pressure (Lai et al., 2008; Van der Plancken et al., 2004) (Figure 3 ). For trypsin, the correlation 300 MPa and ambient pressure for 60 min. Like trypsin, the triplicate enzyme activities of Marugoto E after the heattreatments at high pressure were higher than those after the heat-treatments at ambient pressure in all combinations of temperature and time of heat-treatment. When profiles of the thermal inactivation of Marugoto E were plotted with time course at 300 MPa and ambient pressure, the residual activities of Marugoto E at 300 MPa decreased slower than those at ambient pressure for 60 min, which indicates that high-pressure treatment retarded the thermal inactivation of Marugoto E. For examples, the residual activities were 91.8 and 73.1% after the heat-treatments at 300 MPa for 60 min at 50 and 55℃, respectively. On the other hand, the residual activities after the heat-treatments at ambient pressure for 60 min at 50 and 55℃ were only 24.1 and 10.6%, respectively. Generally speaking, Marugoto E was less inactivated than trypsin at high and ambient pressure. Also, the same reason as cited in trypsin case could be applicable to the reduced thermal inactivation of Marugoto E at high pressure.
When profiles of the thermal inactivation of Marugoto E at 300 MPa and ambient pressure were analyzed kinetically, the thermal inactivation of Marugoto E also followed simple first-order reaction or biphasic process, depending on temperatures of heat-treatment (Tsuboi et al., 1978; Van Eylen et al., 2007; Volkin and Klibanov, 1990) . The kinetics of thermal inactivation followed simple first-order reaction at the heating temperatures of 40 − 55℃ at 300 MPa. Biphasic mode of thermal inactivation was only found at 60℃. In contrast, thermal inactivation occurred rapidly at all temperatures of heat-treatment at ambient pressure compared with that at high pressure. In the heat-treatments of Marugoto E at ambient pressure, the kinetics of thermal inactivation followed simple first-order reaction at the heating temperatures of 40 − 50℃. Biphasic mode of thermal inactivation occurred at the heating temperatures of 55 and 60℃.
Comparison of thermal inactivation of trypsin with Marugoto E First-order reaction rate constants of thermal inactivation of two enzymes were determined from the slopes Reduced Protease Inactivation at High Pressure coefficients (r) of straight lines in Arrhenius plot were 0.9317 and 0.9414 at 300 MPa and ambient pressure, respectively. For Marugoto E, those values were 0.9656 and 0.9616 at 300 MPa and ambient pressure, respectively. When calculated from straight lines in Arrhenius plot, the E a of the enzyme reactions catalyzed by trypsin and Marugoto E were 189 and 207 kJ/mol at 300 MPa, respectively. However, these values were conspicuously smaller than those of 241 and 306 kJ/mol that were calculated for trypsin and Marugoto E at ambient pressure, respectively. This fact strongly indicates that high-pressure processes are able to reduce the thermal inactivation of these enzymes (Borda et al., 2004; Katsaros et al., 2009) and thus possibly to make these enzymes more efficient in catalysis at elevated temperatures.
Conclusions
The thermal effects at high and ambient pressure on enzyme inactivation were compared for two pressure-tolerant mesophilic proteases, trypsin and Marugoto E. High-pressure treatments at 300 MPa reduced the inactivation of both enzymes greatly at all combinations of temperature and time of heat-treatment. This fact suggests that high-temperature enzyme processes using these enzymes might be possible at the high pressure around 300 MPa, which is expected to endow considerable technical merits, including improvements in reaction rate and production yield, to the enzyme processes using these enzymes. Also, the finding of this study could be an accelerant to the food industry in developing new enzyme processes at high pressure and commercial high-pressure instruments for routine use. 
